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12b. DISTRIBUTION CODE 13 ™r P Tp ( ercor C em;Tself with photo-induced anisotropy in two azobenzene functionalized polvmers A simple physical model of the process which considers only three possible states of azo chromophores is proposed. This model predicts an equilibrium level of anisotropy which depends on the pump irradiance and temperature. Each of these influences is examined in turn, with experimental illustrations from the two polymers poly [4- Anisotropy may be photo-induced in thin films of amorphous polymers containing azobenzene moieties in their side chains. This anisotropy exists well below the glass transition temperature (T g ) in an area as small as a beam can be focussed, exhibits long-range stability, and has high contrast with isotropic regions of the material. These properties make such polymers possible candidates for technologies such as reversible optical storage and waveguides.
Although the details of the orientation mechanism and underlying processes are yet to be agreed upon, a simple physical picture may be proposed. An isotropic distribution of chromophores (as present in an amorphous film) is subject to a linearly polarized pump and individual species are promoted to the lowest energy %* excited state. One of the relaxation processes from n* is conversion to the other geometric isomer. Since the trans ground state lies lower in energy than that of the eis isomer, any eis species created revert back to trans via a thermal and/or a photochemical route. Therefore in the presence of the pump, many trans->cis-^trans isomerization cycles occur, resulting in orientation of the side chains. This motion may continue until the chromophores find themselves in a position where their dipole moments (along the long axis of the molecule) lie perpendicular to the polarization plane of the pump. Since there can be no further absorption in this orientation, isomerization. and therefore the accompanying side chain motion, stops and the chromophores become "locked". Although steric interactions prohibit the complete orientation of all chromophores, at equilibrium there is a net alignment perpendicular to the pump. This anisotropy manifests itself as a measurable difference in refractive index, or birefringence.
In this study a simple model of photo-induced orientation is presented. The effect of irradiance and temperature on the order parameter is shown for two polymers whose structural units are depicted in Fig. 1 angles at which the side groups can lie are reduced to two: parallel or perpendicular to the pump.
As a consequence of the highly delocalized 7T-electron density of the azo chromophores, the probability that a species will absorb the pump radiation is proportional to cos 2 0. where 9 is the angle between the electronic dipole moment and the polarization vector of the pump. In the second equation, the number of T ± chromophores is increased by thermal backisomerization and is also susceptible to rotational diffusion.
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In the last equation, the eis species is increased in number by pumping from trans and suffers losses to the thermal back-isomerization. An energy level diagram for such a system is shown in Fig. 2 .
EXPERIMENTAL
The synthesis of pMEA (3) and pDRIM (4) has been described in previous publications. The polymers were spin-cast from THF onto glass substrates and then held at their glass transition temperatures (120°C for pDRIM and 80°C for pMEA) for one hour. This served to adhere the matrix onto the substrate, drive out solvent, and remove any anisotropy which may have been induced by spin-coating. Film thickness was measured using a Sloan Dektak II profilometer.
Before beginning any of the experiments, it was necessary to choose films of an appropriate maturity to obtain reproducible rates and saturation levels, and there has been a similar report of such an age requirement in the literature (5). Consistent results were achieved with films left 2 -4 weeks at room temperature following preparation.
A schematic of the optical bench is given in Fig. 3 . In the detection circuit a diode laser operating near 690 nm was incident onto a linear polarizer at 45°. The beam then passed through a focussing lens, the sample, and a crossed polarizer before reaching the detector, a photomultiplier tube. The square root of the signal from the detector is proportional to the phase lag suffered by the probe through a birefringent sample. Refractive index difference (An = n ]} -nj was then calculated using
where / is the signal from the amplifier. A<p is the phase lag at reference, d is the sample thickness, k = 2n/X is the wavevector. and I ref is the reference signal used in the calibration.
From this, the order parameter S was obtained using 
RESULTS AND DISCUSSION

Model Predictions
When a simulation of photo-orientation based on the above model is run, the macroscopic order parameter S reaches a saturation value, as is observed experimentally (Fig. 4) . It is possible to derive an analytical expression for this saturation value by solving the linear system (eqs.
[1] - [3] ) with the steady-state approximation, giving
Although the model assumes the orientation to be two-dimensional (in the plane of the film), the order parameter must approximate a three-dimensional system to be compared with the experimental value given by eq. [5] . For the calculation of S, the total trans population occupies 3 states. Here an additional T ± exists (chromophores oriented normal to the film surface and hence also perpendicular to the pump) which is for simplicity assumed to have the same population as the original in-plane T ± . The result is nearly identical to that obtained by The model predicts a photostationary order parameter that is independent of the eis lifetime y. The only influences which remain are the pumping rate / and the trans diffusion constant T. It is possible to obtain an estimate of the pumping rate based on the trans->cis quantum efficiency O and experimentally measurable trans absorption cross-section a.
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The likelihood of photon absorption leading to isomerization is directly related to the free volume available for such a configurational change, and so the quantum efficiency is sensitive to the polymer matrix. It has been shown to vary by more than four orders of magnitude from solution values of 0.25 (1) to 0.11 for doped systems (8) to 7.4 x 10" 6 in Langmuir-Blodge« films (9) . Our modelling suggests a quantum efficiency in the range 5 x 10" 3 to 5 x 10" 2 which is low but reasonable, considering the inevitable crowding in a fully chromophore-loaded functionalized system. The absorption cross-section was estimated based on the absorbance, film thickness, and chromophore density. Such a calculation gives a value of a = 1.3 x 10" 18 cm 2 for pMEA and a = 1.2 x 10" 16 cm 2 for pDRlM. The other parameter of interest here, the trans diffusion constant f, will be discussed along with the temperature results.
Effect of Pump Irradiance
It is of primary interest to compare the experimental results of the effect of pump irradiance on the photostationary order parameter with those predicted by eq. [7] . For pump irradiances in the range 13 mW/cnf to 60 mW/cnr, the order parameter remained constant at -0.13 for pDRIM and increased in absolute value for pMEA (Fig. 5 ) in qualitative agreement with eq. [7] . This variation for pMEA, however, was slight (less than 5%) so the dependence is weak. Still, the adherence of pMEA and disagreement of pDRIM with the predicted irradiance behaviour suggest that dipolar interactions in pDRIM may be the cause of the observed differences. This idea will be discussed further in the following section. Below 10 mW/cm 2 , the absolute saturation level decreases with irradiance for both polymers. Unfortunately, the long time required to reach equilibrium at such low pump irradiances (ca. 4 hours at 5 mW/cm 2 ) makes a quantitative investigation of the relationship impractical by these methods. A similar study on the same chromophore as contained in pDRIM (Disperse Red 1) doped into a poly(methyl methacrylate) matrix revealed changes in the attainable orientation when pumping below 100 mW/cm 2 (7). This larger saturation order parameter is to be expected for a doped system due to a much lower chromophore density.
The normalized order parameter (S") vs time curves at each irradiance were fitted to the biexponential equation [ 
9] S" = A[\-exp(-kj)] + B[l-exp(-V)]
where A and B represent the amplitudes of the two exponentials. k a and k b the rate constants. The fitting indicates that for both polymers k a and k b increase with increasing irradiance. This is shown for pMEA in Fig. 6 and for pDRIM in Fig. 7 . The amplitude A of the term describing the fast process increases as well, slightly faster for pMEA than for pDRIM at lower irradiances (Fig. 8) . Song et al. carried out similar studies on an azobenzene-functionalized polymer (5) over the same range of pump irradiances. Although there are slight differences in the fitting procedure, their results showed no change in rate constant for different pump irradiances. Their data also shows that the amplitude of the exponential describing the fast process increases linearly with pump irradiance. The three values of irradiance used in that study are indicated with arrows in Fig. 8 , illustrating that this region may appear to be linear for our samples as well.
Measurements at lower irradiances, however, reveal that the contribution of the fast process decreases sharply in favour of the slower one.
Effect of Temperature
For both pMEA and pDRIM, the photostationary order parameter increases monotonically as a function of temperature, approaching zero as the systems restore their isotropic distribution of chromophores around T g (Fig. 9) . Here the influence and temperature dependence of the trans rotational diffusion constant Y may be seen. At higher temperatures there is more redistribution and a greater tendency towards isotropy. When T becomes very large, eq. [7] predicts that the order parameter S tends towards zero. Examining the other limit, as T -» 0, S -> -0.5, the maximum order achievable in theory. That this may never be fullfilled is largely the result of steric factors. The magnitude of J is, however, not as closely related to the absolute temperature as it is to the glass transition temperature, for it is above T g that polymers find the maximum free volume available to redistribute their pendant chromophores. This suggests a comparison on the basis of a reduced temperature, such as T -T g (Fig. 10) . Although the manner in which both polymers lose their ability to maintain ordered chromophores appears markedly different in Fig. 9 (linear in the case of pMEA, sigmoidal for pDRIM), Fig. 10 shows that for a temperature region in which both systems may be compared (55° below to 5° above their respective T g ) the behaviour is remarkably similar.
A surprising result came from fitting the normalized order parameter curves to the biexponential described by eq. [9] . For both polymers, the variation in rate constant (k b ) with temperature showed no trend for the slow process, the data being completely scattered. The rate constant (k a ) for the fast process, however, increased with increasing temperature for pMEA and decreased for pDRIM (Fig. 11 ). This behaviour is in contrast to the rate constant dependence on irradiance discussed in the previous section where rates for both polymers increase with increasing pump irradiance. A possible explanation might involve the larger dipole moment of the donor-acceptor substituted pDRIM (10) . Large dipole-dipole interactions have been shown to give rise to cooperative effects (11) where neighbouring groups participate in orientation in an effort to minimize the electronic repulsion in energetically unfavourable chromophore alignment.
These results are best considered with the two competing processes involved in mind. On the one hand there is alignment due to the polarization of the laser; on the other there is a tendency towards disorder and restoration of the equilibrium isotropy. Larger pump irradiances would favour the orientation process and have very little effect on thermal randomization, as was demonstrated experimentally. Increasing the temperature, however, would increase the rates of both processes due to an enhanced mobility accompanying an increasing free volume. The interplay between the two processes at higher temperatures is likely sensitive to dipolar interactions, resulting in a rate constant which decreases on heating for pDRlM. Since such electronic interactions are much weaker in pMEA, the resulting behaviour is different. A separate study to verify this hypothesis is in progress analyzing copolymers and blends with different orientations of the dipoles.
SUMMARY AND CONCLUSIONS
The photo-induced reorientation of azobenzene-based polymers is a complex phenomenon, especially in the case of functionalized polymers, since there are many possible interactions between the chromophores and the matrix. The simple model presented here accounts for experimentally observed order parameters using optical pumping and thermal redistribution. It has been used to arrive at an expression for the photostationary order parameter in terms of the pumping rate and the trans rotational diffusion constant. The predicted irradiance dependence of the orientation process has been qualitatively verified for pMEA, while pDRIM appears to be less dependent on the pump intensity. The rotational diffusion constant is a function of temperature and causes the photostationary order parameter to decrease at higher temperatures.
For the polymer pDRIM, strong dipole-dipole interactions may be responsible for an orientation rate constant that decreases at higher temperatures. All of the experimental evidence suggests that the model of photo-induced orientation is only sufficient to describe a system such as pMEA independently, similar to the situation in a doped system with low chromophore density. For a system such as pDRIM, electronic effects such as dipole-dipole interactions will have to be taken into account. Fig. 1 . The structural units of pMEA (top) and pDRIM (bottom).
FIGURE CAPTIONS
Fig.
2. An energy level diagram for the 3-state model of photo-induced reorientation. Here promotion to n* is shown only for the photochemical trans-^cis isomerization. Cis species thermally relax to trans, and redistribution among trans species is also allowed to occur. temperature and sample T g , shown for a range over which both polymers may be compared. time Is
